We fabricated a micropump with a polyimide (PI) diaphragm (53 μm thick, 7 mm diameter) on a silicon chip using microfabrication processes, and a glucose biofuel cell was inserted into the fluid chamber of the micropump. The biofuel cell was fabricated on another PI film, with glucose oxidase immobilized on its porous carbon anode and bilirubin oxidase immobilized on the porous carbon cathode. Each semicircular electrode area was 14.1 mm 2 with a radius of 3 mm, and the gap between the anode and cathode was 1 mm.
Introduction
Enzymatic biofuel cells (BFCs) that utilize enzymes as electrocatalysts instead of metals have attracted attention as ubiquitous sustainable power devices that can generate electricity directly from the blood or bodily fluids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . A characteristic feature of BFCs is their ability to generate power using various kinds of fuels, such as glucose, lipids, and hydrogen. In other words, a wide range of fuel choices is possible because they do not require an ion-exchange membrane. Many biofuel cells are safe and biocompatible, utilizing enzymes as biological catalysts. In addition, they function under mild conditions from room temperature to human body temperature under neutral pH conditions. Microelectromechanical system (MEMS) technologies have been applied to realize compact, high-output power sources toward the commercialization of BFCs. For example, Choban et al. reported a BFC with a Y-shaped channel that used formic acid and oxygen [2] . It utilized laminar flows of the two fuels without mixing for efficient reactions at each electrode. Togo et al. built hydrophobic pillars in a flow path, and fed air individually into three cells [4] . Fukushi et al. reported a flexible biofuel cell equipped with a microchannel which mimicked the blood vessels in the human body [5] . However, these biofuel cells equipped with microchannels require large external flow systems that include tubing and pumps to supply the fuels. Compact fuel transport mechanisms would be more desirable.
Micropumps fabricated with MEMS technology have been considered for use in such fuel transport mechanisms [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . Liu et al. reported polyimide (PI) diaphragm micropumps (15 × 15 mm 2 ) fabricated using MEMS technology [22] . Such micropumps should be able to deliver enough glucose fuel solution to continuously generate power in a BFC. In this paper, a new BFC equipped in the fluid reservoir of the micropump is reported, and its power generation performance and lifetime are discussed.
Operation
In this study, the BFC was composed of a bilirubin oxidase (BOD)-adsorbed O 2 cathode and a glucose oxidase (GOD)-and ferrocene-adsorbed glucose anode. The likely power generation mechanism is portrayed in Fig. 1 . Glucose is oxidized by GOD immobilized on the anode, producing both electrons and protons. The electrons are transferred to the anode through a mediator such as ferrocene. Oxygen in the fuel solution is reduced by the BOD immobilized on the cathode, and and through the electrochemical conversion of hydrogen and oxygen into water, with proton diffusion, electricity is generated. The working principles of the PI diaphragm micropump are illustrated in Fig. 2 . The operation of the micropump is based on the deflection of a membrane by the fluctuation of air pressure outside the chamber. In the supply mode (Fig. 2a) , the outward deflection of the diaphragm due to the restoration of the membrane causes the chamber volume to increase, which results in a pressure decrease inside the chamber. In this situation, fluid flows into the chamber through both the inlet and outlet ports. However, since the kinetic energy of the fluid in the form of velocity is converted to potential energy in the form of the pressure in the diffuser, there is less loss of kinetic energy in the forward direction than in the reverse direction. Thus, the fluid flow from the inlet port is greater than the water flow from the outlet port, and the fluid is supplied into the chamber from the inlet port. In the pump mode (Fig. 2b) , a reduction in the chamber volume creates higher pressure in the chamber. In this case, the fluid flows out from the chamber through both the inlet and outlet ports. However, due to the difference in the loss of the kinetic energy, the fluid outflow from the outlet port is greater than the water flow from the inlet port [28] . Thus, all the fluid flows out through the outlet port. The dimensions of the diffuser used in this research were determined to maximize the flow rate and minimize the undesirable effects of adverse pressure and flow separation. The throat widths, w 1 and w 2 , were determined as 100 and 380 μm, respectively. The length of the diffuser, L, was 1600 μm; the diffuser angle, 2¸, was 10°; and the depth, H, was 530 μm (Fig. 3 ) [29] . The diameter of the micropump diaphragm was 7 mm, and its thickness was 53 μm. 
Structure of the Fabricated Device
Au was deposited on the PI film as a current collector. To increase the effective surface area of the anode and cathode and the concentration of enzymes on the electrode surfaces, the Au electrode surfaces were coated with carbon-black ink. The areas of the electrodes were 14.1 mm 2 , semicircular in shape with a 3 mm radius. The electrodes were designed to fit the size of the micropump diaphragm, and were spaced 1 mm apart. The BOD and GOD enzymes were deposited on the carbon electrodes. Figure 4 shows the structure of the BFC Red Red H + equipped with the PI diaphragm micropump. The glucose fuel is introduced by the micropump through the inlet, and electrical power is generated by the enzymatic reactions at the electrodes. The reaction by-products generated by glucose oxidation are removed through the outlet. Fig. 4 . Schematic of the fabricated device and operation.
Fabrication of Porous Carbon-modified Electrodes
The fabrication of the carbon-modified electrodes is schematically shown in Fig. 5 . First, a Au layer (thickness: 50 μm) was deposited on the surface of the PI film by thermal vacuum deposition using a mask (a). Then, the carbon-modified electrodes were patterned on the surface of the Au film by screen printing with carbon paste (MRX-713J-A, Tamura, Inc.) followed by curing at 150 °C for 15 min (b). Finally, the surface of the carbon paste was coated by screen printing with a Ketjenblack EC 300J (KB, Lion, Inc.) and polyvinylidene fluoride (PVDF, Kureha, Inc.) mixed ink, followed by curing at 120 °C for 10 min (c).
Fabrication of Enzyme-modified Electrodes
The enzyme-coated electrodes were prepared as follows. To modify the surface hydrophilicity, the electrodes (in an area of 28.2 mm 2 ) were subjected to UV-ozone treatment for 15 min before enzyme deposition. For the anode, GOD (0.1 mg) and ferrocene (0.1 mg) were mixed with phosphate solution (10 μL, 50 mM, pH 7.0). For the cathode, BOD (0.05 mg was) was also mixed with phosphate solution (10 μL, 50 mM, pH 7.0). The resulting solutions were loaded onto the respective electrodes (surface area: 14.1 mm 2 ) and left to dry for 30 min. 
Fabrication of PI Diaphragm Micropump
The fabrication of the micropump is shown schematically in Fig. 6 . The micropump structures were fabricated on a 530-μm-thick Si wafer. (a)-(b) A mask consisting of an Al layer approximately 2 μm thick was deposited on the Si wafer by thermal vacuum deposition, followed by the spin-coating deposition of a photoresist (S1818, Rohm and Haas). The micropump structure was photo-lithographically defined. (c)-(d) The Al was partially removed by wet chemical etching using a mixed solution of H 2 PO 3 :HNO 3 :CH 3 COOH:H 2 O (2:1:1:1), and then the photoresist was removed. (e) The micropump structure was formed on the silicon wafer using the Al layer as a mask with an inductively coupled plasma (ICP) etcher (MUC21, Sumitomo Precision Products Co., Ltd.). Si anisotropic etching was performed using the Bosch process as described elsewhere. (f) After removing the remaining Al and photoresist from the structure, a PI film (Nitto) with an area of 15 × 15 mm 2 and a thickness of 53 μm was glued over the reservoir chamber of the micropump. Figure 7 shows the measurement system for characterizing the deflection behavior of the membrane actuated by static air pressure and biofuel power generation. The system consisted of a syringe pump, a pressure gauge (Copal Electronics, PG-100-102), a noncontact laser position-sensitive sensor (LK-G150 Keyence, Inc.), a computer, and supporting devices. Air pressure applied to the diaphragm was supplied by a syringe pump and monitored by a pressure gauge. The flow rate of the fuel was monitored by measuring the weight of the fuel liquids from the outlet. The micropump functioned in the frequency range 1-3 Hz at an air pressure of 30 kPa. The fuel, 100 mM aqueous glucose solution, was stored at room temperature. The generated power W was evaluated by measuring the cell voltage while varying the external load resistance between 0-2.5 M©. The power was derived using the following equation:
Measurements
where R is the load resistance and V is the generated voltage appearing between the terminals of the BFC. The power density was calculated by dividing W by the area of the electrode (14.1 mm 2 ). The aqueous solution of 100 mM glucose was continuously supplied to the micropump liquid chamber by means of air pressure applied from the outside of the diaphragm that alternated between 0 and 30 kPa at a frequency between 1 and 3 Hz. The current and voltage generated between the anode and cathode were monitored using a voltmeter (Keithley 2400). To measure the long-term degradation of the BFCs, the micropump was activated ten times an hour by alternating the diaphragm pressure between 0 and 30 kPa, replacing the fuel solution in the chamber hourly. Fig. 7 . Power measurement system for BFCs. Figure 8 shows the relationship between the pressure and deflection of the 53 μm-thick PI diaphragm. The maximum deflection of the membrane was 239.7 μm at an air pressure of 30 kPa. A very small hysteresis in the deflection was observed after the repeated operation of the micropump. The micropump diaphragm did not show any rupturing under a pressure of 200 kPa. Figure 9 shows the frequency dependence of the glucose fuel flow rate during operation of the micropump under the alternating pressure (0 and 30 kPa) and frequency (1-3 Hz) conditions. The flow rates were 0.120, 0.135, and 0.177 mL/min at 1, 2, and 3 Hz, respectively. Since the diameter and depth of the liquid reservoir were 7 and 0.53 mm, respectively, the volume of the reservoir was 20 μL. Thus, the glucose fuel solution was totally replaced within a few cycles of the given applied pressure. The relationships between the power density and voltage at frequencies of 0-3 Hz and 30 kPa for the 100 mM glucose aqueous solution are shown in Fig. 10 . The maximum power densities were 0.534, 0.516, and 0.556 μW/cm 2 at 1, 2, and 3 Hz, respectively, and 0.471 μW/cm 2 with no pumping. Hardly any difference due to pumping frequency was observed. However, the power density of the BFC in the absence of micropump operation was noticeably reduced. The degradation of power generation in the absence of micropump operation is considered due to the increased reaction by-products that remain in the micropump reservoir. Figure 11 shows the time-dependent change of the normalized power density over 24 h. The BFC without micropump operation showed a significant decrease, with only 6.6% of the initial value remaining after 24 h. In contrast, the time-dependent power density degradation in the BFC operated at 3 Hz and 30 kPa was improved, although the power density decreased to 25% after 24 h. The replacement of the glucose fuel in the reservoir by the action of the micropump is considered to improve the long-term reliability of the system. However, a possible mechanism for these behaviors has not yet been clarified. 
Results and Discussion

Conclusion
We fabricated a micropump with a PI diaphragm having a diameter of 7 mm and thickness of 53 μm on a silicon chip using MEMS processes, and a glucose BFC was inserted into the fluid chamber of the micropump. The BFC was fabricated on another PI film, with GOD immobilized on its porous carbon anode and BOD deposited on its porous carbon cathode. Each semicircular electrode area was 14.1 mm 2 with a radius 3 mm, and the gap between the anode and cathode was 1 mm. The device generated electricity by feeding an aqueous solution of glucose directly onto the electrodes in the micropump chamber. The maximum generated power was 0.076 μW at 98 mV, corresponding to a power density of 0.556 μW/cm 2 , which was realized when a 100 mM glucose solution was introduced under a diaphragm pressure alternating between 0 and 30 kPa at a pumping frequency of 3 Hz. A longer power generation lifetime was observed under a constant fuel flow from micropump operation.
